The North Wyke Farm Platform (NWFP) provides data from the field-to the farm-scale, enabling the research community to address key issues in sustainable agriculture better and to test models that are capable of simulating soil, plant and animal processes involved in the systems. The tested models can then be used to simulate how agro-ecosystems will respond to changes in the environment and management. In this study, we used baseline datasets generated from the NWFP to validate the Soil-Plant-Atmosphere Continuum System (SPACSYS) model in relation to the dynamics of soil water content, water loss from runoff and forage biomass removal. The validated model, together with future climate scenarios for the 2020s, 2050s and 2080s (from the International Panel on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES): medium (A1B) and large (A1F1) emission scenarios), were used to simulate the long-term responses of the system with three contrasting treatments on the NWFP. Simulation results demonstrated that the SPACSYS model could estimate reliably the dynamics of soil water content, water loss from runoff and drainage, and cut biomass for a permanent sward. The treatments responded in different ways under the climate change scenarios. More carbon (C) is fixed and respired by the swards treated with an increased use of legumes, whereas less C was lost through soil respiration with the planned reseeding. The deep-rooting grass in the reseeding treatment reduced N losses through leaching, runoff and gaseous emissions, and water loss from runoff compared with the other two treatments.
Introduction
The North Wyke Farm Platform (NWFP), a farm-scale research platform for grassland-based beef and sheep production, was established during 2010 in southwest England (50 ∘ 46 ′ 10 ′′ N, 3 ∘ 54 ′ 05 ′′ W). It is a United Kingdom National Capability funded by the Biotechnology and Biological Sciences Research Council (BBSRC) for collaborative research, training and knowledge exchange in agro-environmental science; it addresses agricultural productivity and ecosystem responses to different management practices. One of the purposes of the NWFP is to test existing models with high spatial and temporal resolution data. The global average surface temperature has increased by about 0.7 ∘ C in the last century and is projected to increase by another isolated (no energy and matter exchange between fields) fields simultaneously. The model has been used to investigate several issues, including nitrate leaching and efficient use of resources by crops and root systems. The model can also be used to assess field management options to mitigate greenhouse gas emissions and diffuse pollution and the effects that climate change might have on plant performance, C sequestration and mitigation potential.
Our hypothesis is that the projected climate change will affect soil processes such as water movement and nutrient cycling, with subsequent effects on plant productivity. In this study, we used partial datasets generated between April 2011 and May 2014 from the NWFP to validate the SPACSYS model in forage biomass removal, runoff flow and the dynamics of soil water content. Next, we used the validated model together with future climate projections to simulate the long-term responses of the systems with the three management systems implemented on the NWFP.
Methods and materials

Farm platform
The mean annual rainfall between 1982 and 2011 at the North Wyke site was 1042 mm, with an annual average temperature that ranged from 6.6 to 13.4 ∘ C. North Wyke has relatively large (compared with the UK average) and consistent amounts of summer rainfall, which is characteristic of the major agricultural grassland areas in the west of the UK. The environmental conditions are sufficient to support 280 days of grass growth annually, but the grazing season is often restricted to 180 days because of soil wetness.
The NWFP comprises three farmlets of approximately 22 ha each in size, which are designed to test the productivity and environmental sustainability of contrasting temperate grassland systems for beef and sheep at appropriate farm scales. Each of the three farmlets consists of five sub-catchments (15 in total, Figure 1 ), where all water runoff from each sub-catchment is channelled through a single flume (an outlet at which measurements can be made). At each flume, water chemistry (the concentrations of nitrate, ammonium, dissolved ammonia and dissolved organic carbon, dissolved oxygen, water turbidity and pH value), water temperature and water flow are recorded at 15-minute intervals. More details of the system are given by Orr et al. (2011) .
In a 2-year period from 1 April 2011 to 31 March 2013, beef and sheep systems were managed in the same way on the three farmlets to measure baseline productivity on the existing permanent pasture. From 1 April 2013, new types of management were established progressively on two of the farmlets, giving three contrasting treatments: (i) sustainable intensification of permanent grassland (mineral N fertilizer application, maintaining current practice), (ii) increased use of legumes (introduction of legumes, mixing the cultivars AberMagic (Lolium perenne L.) and AberHerald (Trifolium repens L.) in two fields of the farmlet in 2013) and (iii) planned reseeding (planned reseeding, resowing the cultivar Prior (Festulolium loliaceum), a deep-rooting grass, in a field of the farmlet in 2013). Six fields that drain to five flumes were chosen randomly from those where the treatments were being conducted. Three fields for the planned reseeding treatment were selected: one was kept under current management and the other two, which share the same flume, were in transition. Two fields were selected for the introduction of legumes: one was kept under current management and the other was in transition. The data obtained from these fields between April 2011 and May 2014 were used for this study (Table 1) .
Model description
The main processes that concern plant growth in the model are plant development, assimilation, respiration, water and N uptake, partitioning of photosynthate and absorbed N, N fixation for legume plants and root growth. Nitrogen cycling coupled with C cycling in the model covers the transformation processes for organic matter (OM) and inorganic N. The organic matter pool is divided further into fresh OM, dissolved OM, a litter pool and a humus pool, and inorganic N includes a nitrate pool and an ammonium pool. The main processes and transformations that result in changes in size of the soluble N pools are mineralization, nitrification, denitrification and plant N uptake. Nitrate is transported through the soil profile and into field drains or deep groundwater by water movement. A biologically based component for the processes of nitrification and denitrification has been implemented in the model that can estimate gaseous N emissions. The Richards equation for water potential and Fourier's equation for temperature are used to simulate water and heat fluxes.
Data input and parameterization
To mimic grazing systems, daily grass intake and excretion of sheep and cattle in the field were quantified based on literature and experimental results from our site. Detailed information that is used to estimate inputs to various N pools in the model is given in Tables 2-4. As the model does not simulate volatilization, N input from excretion was reduced by a proportion equivalent to 0.6 of the total N in the farm-yard manure (FYM) without considering the effect of temperature on the volatilization process. It is difficult to model individual animals in the field so we assumed a live weight of 600 kg per animal for beef cattle, 75 kg per animal for ewes and, for fields that were grazed, a spatially uniform distribution of grass intake over the grazing period.
Soil physical and chemical properties of the selected fields were based on baseline field surveys conducted in 2012. Agronomic management quantified for the simulation was interpreted from the farm records for the NWFP. The concentrations of nutrients in applied farmyard manure were estimated based on the DEFRA fertilizer manual (Department for Environment, Food and Rural Affairs, 2010) . We assumed that the reported available N content of FYM in the manual is incorporated fully into the soil without further loss.
The SPACSYS model has been parameterized previously for the processes of soil water, soil heat transformation, and C and N cycling (Wu & Shepherd, 2011) . Parameters related to grass species were adopted from a previous study. Those parameters were used directly in the simulations.
The data extracted from the UK Climate Projection 2009 (UKCP09) for future climate projections were applied to this study. The UKCP09 weather generator provides probabilistic projections of climate change (Jones et al., 2009) . Medium (SRES A1B) and large (SRES A1F1) emission scenarios based on future projections of greenhouse gas and aerosol levels according to the IPCC (IPCC, 2007) were used to generate future climate conditions. The scenarios at the time slices of the 2020s, 2050s and 2080s were considered. One hundred files of 30-year daily weather variables for each time-slice under each emission scenario and a baseline representing the 1961-1990 period were generated for the site. To avoid the need for hundreds of simulations with SPACSYS, the mean daily value across the hundred files of each weather element (except precipitation) for each day of the 30 years of data was calculated. Because of its skewed distribution, daily means of precipitation across the files cannot be taken. Therefore, the monthly mean precipitation and the number of rain days per month were calculated for each file, and then both of these elements were averaged across the 100 files. The daily precipitation for a given month was then distributed randomly across the month. As wind speed is not included in UKCP09, it was obtained from Gibb & Orr (1997) the 11-member Regional Climate Model dataset (Met Office, 2003) . Six UKCP09 projections were produced, three time-slices for medium (represented as 2020med, 2050med and 2080med, respectively) and three time-slices for large emissions (represented 2020lar, 2050lar and 2080lar, respectively), plus historic climate data over the period (symbolized as baseline) for the site. Annual mean climate characteristics for the time-slices under the emission scenarios are given in Table 5 .
To avoid further complexity in future scenarios, the current atmospheric CO 2 concentration (695 mg CO 2 m −3 ) was applied to all the simulations. Meanwhile, the current farm management practices for the individual fields (e.g. timing and amount of fertilizer or slurry application, grass-cutting dates, start and end dates of grazing and number of animals) were kept the same for all simulations in the field. Therefore, any change in the fluxes of water, N and C as a result of the treatments would be the consequence of climate change scenarios.
Statistical analyses
The statistical methods suggested by Smith et al. (1997) were used to evaluate the performance of the model by comparing simulation results and observed data, which enabled evaluation even where the observed data were not replicated (see Figure 1 of Smith et al., 1997) . Seven elements were included: correlation coefficient (r), root mean square error (RMSE), modelling efficiency (EF), the coefficient of determination (R 2 ), relative error (RE), mean deviation (MD) and maximum error (ME). When an RMSE value is less than the RMSE value at the 95% confidence level, it indicates that the simulated values fall within the 95% confidence interval Whitehead (1995, p. 77) of the measurements. An RE value greater than the RE value at the 95% confidence level indicates that the bias in the simulation is greater than the 95% confidence interval of the measurement. One-way anova was applied to test for significant differences in the simulated average annual evapotranspiration between the treatments within a given time-slice under the various climate scenarios. The significant differences among the treatments were compared with the least significant differences (LSD) at 5, 1 and 0.1% levels of probability. Statistical analysis was performed with R (R Core Team, 2013).
Results
Model validation
Cutting of biomass. Simulated cutting of biomass from all the fields selected over the period of simulation was compared with observed data (Figure 2 ). The simulated cutting of biomass agrees well with the sampled data when samples taken during the establishment period in the reseeding fields were excluded. Statistical analysis also suggests that the simulations fit the measured data reasonably well (Table 6) . Simulated values follow the same pattern as measured values (significant association) and describe the trend in the measured data better than the mean of the observations (positive value for EF). Furthermore, the RE value is within the 95% confidence interval of the data, indicating no bias. However, another Whitehead (1995, p. 77) indicator of model bias, MD, shows a significant bias towards over-estimation.
Soil moisture. Simulated soil water content at different soil depths follows the same trends as the observed data (Table 7) , especially Figure 3 . Results are similar for the rest of the fields (not shown). There is a large discrepancy between simulated and observed water content in the topsoil layer, particularly during periods of drought. The vertical distribution of soil water content depends on the soil's physical properties, whereas its temporal distribution is affected by precipitation and grass growth. For example, soil water decreased dramatically in the top 30 cm of the soil profiles in the summer of 2013 because of less precipitation and vigorous growth of grass.
Surface runoff and drainage
A comparison between simulated water fluxes and observed data for flumes 10, 6 and 8 is shown in Figure 4 (not shown for the rest of the fields). The simulated water flux matches the pattern of observed data, with a correlation coefficient of r > 0.79 in all cases. All of the observed peak flow events were identified by the model. The simulations describe the trend in the measured data better than the mean of the observations (positive values for EF and R 2 close to 1) and show no significant bias towards over-or under-estimation. 
System performance with future climate projection
Average simulated annual fluxes of water, C and N over a 30-year period in a field under the different climate projections vary (Tables  S1-S3) , as shown in Figure 5 for Golden Rove field. For all climate projections, a large proportion of grass fixed C is emitted to the atmosphere by plant respiration, with the next largest removal being that through either grazing or cut forage. About 1% only of total C removed from the system is leached. In all the climate scenarios, some of the fixed C will sequester into the soil but the capacity diminishes with time. Furthermore, the difference in the amount of sequestered C between the emission scenarios in the 2080s might disappear. However, most of the N input into the system is recovered by the grass. Among the N lost, runoff is an important component for this field. There is no significant difference in annual evapotranspiration between the emission scenarios for the same time-slice (Table 8 ). The amount of evapotranspiration tends to decline with time, whereas water loss through the soil increases with time.
The responses of the three treatments to a future climate projection are different (Tables S1-S3 ). Figure 6 shows the average annual fluxes of water, C and N from the treatments under the medium scenario (SRES A1B) for the 2020s. More C is fixed and respired by the swards treated with the increased use of legumes. The smallest loss of C through soil respiration and leaching occurs with the planned reseeding. The increased use of legumes receives the largest N input (including deposition, fertilizer, FYM and biological N fixation) and removes the largest amount of N through sward offtake. Importantly, the deep-rooting grass from the planned reseeding treatment reduces N losses that occur through leaching, runoff or gaseous emissions compared with those from the other two treatments. The smallest annual water loss from runoff and the largest amount of evapotranspiration from the planned reseeding field demonstrate the importance of deep rooting in water cycling.
Discussion
The model simulates the dynamics of soil water content, water fluxes collected at the flumes and biomass removal well statistically. Although the livestock systems were simplified in the simulation, the model can still mimic the key outputs of real systems correctly. However, the current simulation of grazing, in particular, could be improved as discussed below.
Soil hydraulic properties in the different soil layers have important effects on water movement and soil water content (Baroni et al., 2013) and, as a consequence, on soil heat flux (Seemann, 1979) , soil C and N cycling (Milne et al., 2011) and plant growth (Valentine et al., 2012) , and therefore the whole livestock production system. It was suggested that the spatial variation in soil hydraulic properties contributes partly to the variation in soil moisture (Hupet & Vanclooster, 2002) , and that soil moisture and soil properties might have a dominant effect on catchment runoff (Merz & Plate, 1997) . Currently, measurement of the physical properties of soil for the NWFP is incomplete. Measurements of these properties for the different soil layers for each field are required to test the models fully.
The simulation results show that the model estimated cut biomass reliably for a permanent sward (Figure 2b ), but it overestimates it during sward establishment following reseeding. This overestimation might be a result of the partitioning coefficients of daily photosynthate. In the model the coefficients for perennial grasses are determined by a development index (Wu et al., 2007) that is calculated with accumulated temperature from the sowing or cutting date and the same values are assumed for grass at the establishment stage or regrowth. In reality, photosynthate might be allocated to the roots more during the establishment period than at the regrowth stage, which could restrict canopy expansion. Previous research has shown that partitioning of C might be affected by N deficiency and regrowth (Bélanger et al., 1994) . The cultivar used in the planned reseeding treatment was grown at the site in a previous study. The annual average cut biomass over the (Macleod et al., 2013) , whereas our simulated cut biomass in 2014 was 9131 kg DM ha −1 with a relative error of 6%. Although there is some overestimation during the establishment phase, simulation gives realistic values for the post-establishment phase; therefore, the estimation of grass biomass with this treatment can be considered reliable for future climate predictions.
Our simulation demonstrates that a mixture of grass and clover could increase C fixation and N offtake, which would improve the quality of the sward under the current management practices and potentially result in a greater livestock output. The result can be verified by field experiments conducted under different climate conditions and for different types of soil (e.g. Nyfeler et al., 2011; Sturludóttir et al., 2014) . However, there is a risk of increased C loss through soil respiration and leaching. Kell (2011) suggested that deeper and bushy root ecosystems could improve simultaneously both soil structure and retention of its steady-state C, water and nutrients. Our simulation of the reseeding treatment supports this because it shows smaller amounts of C leakage and N losses compared with the fertilizer treatment. Because the treatments have been established for just 1 year, by the end date of the simulations the systems had not yet stabilized after the soil disturbance caused by reseeding. More data over a longer time period are required, therefore, to verify the results of our simulations.
Our simulation results for gross primary productivity suggest less effect from the future climate projections. Given the condition that annual precipitation does not change, but that temperatures increase at the site (Table 5) , warming might cause the decline of primary productivity of grasses grown in clay soil because of potential water stress. The future climate was characterized by less precipitation and higher temperatures in summer (data not shown), which would frequently trigger water stress. Therefore, a warmer climate might not increase productivity of the grasses. The simulated results are supported by a warming experiment on grass biomass production (De Boeck et al., 2008) . In addition, the effects of climate change, in terms of precipitation and temperature, on biomass production could have considerable seasonal and interannual variations (Bloor et al., 2010) . Our conclusion is based on the assumption that the cultivars (and associated traits) do not change throughout the simulation period. However, a mixture of forage species with respect to drought tolerance and increasing water-use efficiency could improve adaptation to climate change. Hence, the interactions between climate change and the genetic traits of forage species need to be investigated further. In our study, the practices for individual fields were fixed within each time-slice to investigate the effect of climate change on C and N cycling and water movement. Both the increased legume and planned reseeding treatments are shown to be sustainable under the future climate projections. Our simulations show that deep-rooting grass would be beneficial for reducing surface runoff and drainage and in sequestering C into the soil, which the measurements made at the site supported. We concluded that Festulolium reduces water runoff from grassland and provides high-quality forage with resilience to weather extremes. It also produced both the largest and most extensively distributed root system compared with other cultivars (Macleod et al., 2013) . In practice, however, farmers would adapt to climatic variability and future climate change by changing agronomic management practices. Further simulations should be carried out to assess these dynamic changes in practice (for example with regard to stocking density and start and end dates for grazing).
The current version of SPACSYS does not have a component that simulates grazing and the live-weight gain of animals, although it can mimic the grazing process by manipulating the management practices manually (i.e. sward biomass removed daily and nutrient input from excreta). Future development of the model should focus on improving the animal component and on linking the processes involved in the soil, plant and atmosphere with livestock production, including a livestock housing component. Data available from the NWFP can be used in this context. Improved characterization of the form of excreta (urine or dung) and its spatial distribution from grazing livestock is required as these can be important factors that affect subsequent losses or transformations of N (Yamulki et al., 1998) . Better representation of ammonia (NH 3 ) volatilization from N fertilizer and livestock manure throughout the management system is also required. Misselbrook et al. (2004) suggested that NH 3 losses would usually account for about 2% of ammonium nitrate fertilizer N input and, as the available N content in FYM is typically between 10 and 25% of total N content, then the typical NH 3 loss from FYM applied to land would be in the range 5-20% of total N applied (Nicholson et al., 2013) .
Conclusion
The SPACSYS model provides good simulations on the dynamics of soil water content, water fluxes and grass biomass removal for the current treatments of the NWFP. Although the livestock systems were simplified in the simulation, it could still mimic the important outputs of real systems correctly. The simulations demonstrated that deep-rooting grass would be beneficial in reducing surface runoff and drainage and in sequestering C into the soil, and that the mixture of grass and legumes could increase the fixation of C and N offtake. This would improve the quality of the sward under the current management practices and potentially result in a greater livestock output. More C would be fixed and respired by the swards treated with the increased use of legumes, and the smallest C loss through soil respiration would be from the planned reseeding under the future climate projections. Both the increased legume and planned reseeding treatments would be sustainable provided that the practices for individual fields do not change with time. Our results suggest that the projected climate change would affect soil processes, with subsequent effects on plant productivity.
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